Introduction
============

Thyroid cancer is the most common type of cancer of the endocrine system, and its incidence has increased in recent years ([@b1-ol-0-0-3782]--[@b3-ol-0-0-3782]). Although a large proportion of patients with thyroid cancer tend to present a good outcome, \~10% of patients, who do not receive radioiodine, may experience recurrence of the disease and mortality ([@b4-ol-0-0-3782]). Therefore, sensitive markers for the diagnosis of thyroid cancer, and efficient target genes for the treatment of this disease, are required. Despite previous studies on the occurrence of thyroid carcinoma have been published, the molecular mechanism of this type of cancer remains to be elucidated ([@b5-ol-0-0-3782]--[@b7-ol-0-0-3782]).

Genetic mechanisms are not the only path to gene disruption in cancer. Pathological epigenetic changes, non-sequence-based alterations that are inherited through cell division, are increasingly being considered as alternatives to mutations and chromosomal alterations in disrupting gene function ([@b8-ol-0-0-3782]). Certain histone demethylases have been proved to be involved in tumor metastasis ([@b9-ol-0-0-3782]). Previous studies have demonstrated that KDM5B histone demethylase controlled epithelial-mesenchymal transition of cancer cells by regulating the expression of the microRNA-200 family ([@b10-ol-0-0-3782]), and histone demethylase KDM6B promoted epithelialmesenchymal transition ([@b11-ol-0-0-3782]). Retinoblastoma binding protein 2 (RBP2) was initially identified as a retinoblastoma binding protein that exhibited histone 3 lysine 4 (H3K4) demethylation activity ([@b12-ol-0-0-3782],[@b13-ol-0-0-3782]). It is a member of the Jumonji/AT-rich interactive domain (JARID) protein family, an important epigenetic molecule, has been implicated in cancer and other diseases ([@b14-ol-0-0-3782],[@b15-ol-0-0-3782]). Although it has been shown that RBP2 is highly expressed in a number of types of cancer ([@b16-ol-0-0-3782]--[@b19-ol-0-0-3782]) and that the deregulation of RBP2 may result in human diseases, especially developmental disorders ([@b14-ol-0-0-3782]), there remains a lack of studies into the pathological roles of RBP2 in thyroid carcinoma. Therefore, the present study aimed to characterize the role of RBP2 in thyroid tumors.

Materials and methods
=====================

### Cell culture

Papillary thyroid carcinoma K1 cells were purchased from The European Collection of Cell Cultures (Salisbury, UK). The cells were cultured in Dulbecco\'s Modified Eagle\'s medium (DMEM) (Gibco Life Technologies, Carlsbad, CA, USA), supplemented with 10% fetal bovine serum (FBS) (GE Healthcare Life Sciences, Logan, CA, USA), glutamine (2 mM), penicillin (100 U/ml) and streptomycin (100 mg/ml), and incubated at 37°C with 5% CO~2~.

### Transfection of small interfering RNA (siRNA)

The sequences of the siRNA targeting RBP2 (RBP2-siRNA) and the non-targeting scrambled siRNA (Shanghai GenePharma Co., Ltd., Shanghai, China), used as a negative control, were as follows: 5′-CCA GCA CCA CCU CCU UCC UUC AUAA-3′ and 5′-UUC UCC GAA CGU GUC ACG UTT-3′, respectively. K1 cells (1.8×105) were seeded in 6-well plates, and incubated for 18 h, prior to being transfected with the RBP2-siRNA (siRNA group) or negative control siRNA, using HiPerFect Transfection Reagent (Qiagen GmbH, Hilden, Germany). Cells without transfecting were regarded as blank group.

### Immunocytochemistry (ICC) staining of cell slides

Protein expression of RBP2 was detected by ICC staining of K1 cells seeded on cover slips. For the experiment, \~2×105 K1 cells were added to each cover slip in a 6-well plate, and incubated for 4 h, to allow the cells to adhere to the cover slip *in situ*. Next, 3--4 ml complete culture medium (DMEM supplemented with 10% FBS, 100 U/ml penicillin and 100 µg/ml streptomycin) was added to each well, and the cells were cultured for additional 36 h. The cells were then fixed with 4% (v/v) paraformaldehyde for ≥20 min. The ICC was performed as previously described by Kong *et al* ([@b20-ol-0-0-3782]) using the following antibodies: Monoclonal rabbit-anti-human-RBP2, (Cell Signaling Technology, Danvers, MA, USA) and horseradish peroxidase-conjugated anti-rabbit secondary antibody (ZSGD-BIO, Peking, China). The brown color observed in the cells nuclei was regarded as positive expression of RBP2. Positive cells were counted using an eyepiece graticule at ×400 magnification (Olympus, Tokyo, Japan). For each slide, ≥10 views were counted. Each experiment was performed in triplicate.

### Total RNA isolation and reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis

RT-qPCR analysis was performed at 48 h post-transfection. TRIzol reagent (Invitrogen Life Technologies) was used to extract the total RNA content from the transfected cells, and 1.5 µg RNA was used for the synthesis of the first strand of cDNA with a reverse transcriptase (Promega Corporation, Madison, WI, USA). The relative mRNA levels of RBP2 were normalized to the levels of β-actin, and normalized using the formula 2^−ΔΔ^CT with SYBR Green qPCR Kit (Roche Diagnostics, Basel, Switzerland). The cycling conditions were as follows: 95°C, 5 min, 1 cycle; followed by 35 cycles of 95°C for 5 sec, 50°C for 30 sec and 72°C for 32 sec. Specific primer pairs (Shanghai GenePharma Co., Ltd., Shanghai, China) were used for RBP2 (forward, 5′-GCT GCT GCA GCC AAA GTTG-3′; and reverse, 5′-AGC ATC TGC TAA CTG GTC-3′) and β-actin (forward, 5′-GAG CAA GAG AGG CAT CCTCA-3′; and reverse, 5′-AGC CTG GAT AGC AAC GTACA-3′).

### Western blot analysis

Cells were harvested 48 h post-transfection, and lysed with RIPA buffer (Beyotime Institute of Biotechnology, Haimen, China). The protein concentration in the cell lysates was quantified by BCA assay. The proteins were separated by 10% SDS-PAGE, and subsequently transferred onto polyvinylidene fluoride membranes (Bio-Rad Laboratories, Inc., Hercules, USA). The membranes were incubated with the monoclonal rabbit-anti-human primary antibodies (dilution 1:100; Cell Signaling Technology, Inc., Danvers, USA) at 4°C for 24 h. Next, the membranes were washed with Tris-buffered saline and Tween 20 (TBST) for three times, and incubated with goat anti-rabbit HRP-conjugated secondary antibody (Gene Tech Co., Ltd., Shanghai, China). Proteins were detected using ECL Plus (Boster, Wuhan, China).

### Cell counting Kit-8 (CCK-8) assay

CCK-8 assay (Dojindo Molecular Technologies, Inc., Kumamoto, Japan) was performed to evaluate the effect of RBP2-siRNA on cell proliferation. K1 cells transfected with RBP2-siRNA or neagtive control siRNA were seeded into 96-well plates at a density of 3.8×103 cells/well, and cultured for 24, 48 and 72 h. At the time points indicated above, 90 µl DMEM and 10 µl CCK-8 were added to each well, and the cells were incubated for additional 2 h. Subsequently, the supernatant was removed, and the absorbance at 450 nm wavelength was recorded using a microplate reader (Bio-Rad Laboratories, Inc.). Those wells containing 10% CCK-8 (DMEM 90 µl and 10 µl CCK-8) were regarded as blanks. The experiment was performed with 6 repeated measures of each experimental value, and repeated 3 times.

### Invasion and migration assays

The invasion ability of K1 cells was evaluated by Transwell chamber assay (Corning Life Sciences, New York, USA). The chamber was covered with 50 µl Matrigel Basement Membrane Matrix (2 mg/ml; BD Biosciences, Franklin Lakes, NJ, USA). Serum-free DMEM (200 µl) containing 2×104 cells was added to the upper chamber, while the lower chamber was filled with 600 µl DMEM supplemented with 15% FBS. Following incubation for 20 h, the cells on the upper chamber were removed, and the remaining cells were fixed with methanol for 20 min, prior to being dyed with 0.1% crystal violet (Sigma-Aldrich, St. Louis, MO, USA). The migration assay was conducted following the aforementioned steps, except for the absence of the Matrigel Basement Membrane Matrix layer, and \~3.5×104 cells were added to the upper chamber. Each experiment was performed in triplicate and repeated 3 times.

### Soft agar colony formation assay

The capacity of the K1 cells to form colonies was assessed by soft agar colony formation assay conducted in 6-well plates. In each well, a base layer was created with 0.7% soft agar, and a top layer was subsequently added, which contained 0.35% soft agar and 103 suspended cells. The cells were cultured for \~14 days, until the newly formed colonies were visible. The experiment was performed in triplicate and repeated 3 times.

### Statistical analysis

The data were evaluated by the Student\'s t-test for 2 groups, or analysis of variance for ≥3 groups, using SPSS software, version 13.0 (SPSS, Inc., Chicago, IL, USA). P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Downregulation of RBP2 by RBP2-siRNA

RBP2-siRNA and negative control siRNA were transfected into thyroid carcinoma K1 cells. The fluorescence emission of green fluorescent protein in the cytoplasm of the transfected cells was recorded and photographed ([Fig. 1A](#f1-ol-0-0-3782){ref-type="fig"}). The protein expression levels of RBP2 were detected by ICC analysis in the blank (cells without transfecting), RBP2-siRNA-transfected and negative control siRNA-transfected cells. The results indicated that the transfection of RBP2-siRNA into K1 cells suppressed the expression of RBP2 in these cells ([Fig. 2A](#f2-ol-0-0-3782){ref-type="fig"}). The expression levels of RBP2 in the nuclei of the RBP2-siRNA-transfected cells were lower than in the blank and negative control cells (F=26.754, P\<0.01; [Fig. 1B](#f1-ol-0-0-3782){ref-type="fig"}). No significant difference was observed between the blank and control groups (P\>0.05).

To confirm the above data, the mRNA levels of RBP2 were quantified by RT-qPCR. The transfection of RBP2-siRNA into K1 cells significantly reduced the mRNA expression levels of RBP2 in these cells (F=31.385, P\<0.01; [Fig. 3](#f3-ol-0-0-3782){ref-type="fig"}). Compared with the control group, RBP2-siRNA notably downregulated the mRNA levels of RBP2 (t=8.869, P\<0.01; [Fig. 2B](#f2-ol-0-0-3782){ref-type="fig"}). The protein levels of RBP2 were measured by western blot analysis, using β-actin as reference. The results presented in [Fig. 1E](#f1-ol-0-0-3782){ref-type="fig"} indicated that compared with the blank cells, the expression of RBP2 was notably inhibited in the RBP2-siRNA-transfected cells (F=60.835, P=0.000; [Fig. 2C](#f2-ol-0-0-3782){ref-type="fig"}).

### Downregulation of RBP2 suppressed the proliferation ability of K1 cells

The effect of RBP2 on cell proliferation ability was estimated by CCK-8 assay. The data revealed that, compared with the control cells, the optical density of the cells transfected with RBP2-siRNA was significantly reduced at 24, 48 and 72 h post-transfection (OD=0.325±0.067, t=7.650, P\<0.01; OD=0.605±0.118, t=2.606, P=0.016; and OD=0.906±0.070, t=2.377, P=0.027, respectively; [Table I](#tI-ol-0-0-3782){ref-type="table"}).

### Downregulation of RBP2 reduced the invasion and migration ability of K1 cells in vitro

The invasion ability of K1 cells was evaluated by transwell assay. Compared with the siRNA control group, the number of invasive cells on the RBP2-siRNA-transfected group was significantly reduced (39.67±8.36 vs. 30.96±8.94; t=4.774, P=0.000) as indicated in [Figs. 1C](#f1-ol-0-0-3782){ref-type="fig"} and [2D](#f2-ol-0-0-3782){ref-type="fig"}. Similarly, the number of migrated cells was also notably reduced (66.44±10.30 vs. 53.53±8.89; t=6.366, P=0.000), as indicated in [Figs. 1D](#f1-ol-0-0-3782){ref-type="fig"} and [2E](#f2-ol-0-0-3782){ref-type="fig"}.

### Transfection of RBP2-siRNA inhibited the colony formation ability of K1 cells

The *in vitro* tumorigenicity ability of K1 cells transfected with RBP2-siRNA was estimated by soft agar colony formation assay. Compared with the control group ([Fig. 4A](#f4-ol-0-0-3782){ref-type="fig"}), the number of newly formed colonies observed in the RBP2-siRNA-transfected group was reduced (t=2.749, P=0.014; [Figs. 2F](#f2-ol-0-0-3782){ref-type="fig"} and [4B](#f4-ol-0-0-3782){ref-type="fig"}).

Discussion
==========

Genetic and epigenetic modifications have been demonstrated to be involved in the tumorigenesis and development of cancer ([@b21-ol-0-0-3782]). Therefore, the stable inheritance of epigenetic states is required for the cells and tissues in the body to maintain their specific functions ([@b21-ol-0-0-3782]). The alteration of epigenetic modifications has been mainly associated with the methylation of DNA and modifications of histones ([@b22-ol-0-0-3782],[@b23-ol-0-0-3782]). RBP2 has been recently identified as a histone demethylase, which regulates gene expression by demethylating H3K4me3/2 ([@b24-ol-0-0-3782],[@b25-ol-0-0-3782]). RBP2 influences cell cycle withdrawal and cell differentiation via retinoblastoma protein (pRB) ([@b13-ol-0-0-3782]). Previous studies have demonstrated that RBP2 represses the transcription of its target genes, which are activated by pRB, by associating with the promoters of these actively transcribed genes ([@b14-ol-0-0-3782],[@b26-ol-0-0-3782]). Previous studies have observed that RBP2 was preferentially bound to the proximal promoter regions of p27, cyclin D1, and integrin β1, whereby RBP2 repressed the expression of p27, but acted as an activator of the gene expression for cyclin D1 and integrin β1 ([@b27-ol-0-0-3782]). In agreement with these results, previous studies have reported that knocking down RBP2 led to overexpression of p27 ([@b12-ol-0-0-3782]). Since RBP2 occupies and regulates the promoters of multiple genes containing H3K4me3, RBP2 is likely to be involved in cancer progression ([@b15-ol-0-0-3782]). Previous studies have revealed that RBP2 was overexpressed in numerous types of cancer, including hepatocellular, non-small cell lung, breast and gastric cancer ([@b16-ol-0-0-3782]--[@b19-ol-0-0-3782]). Previous studies have demonstrated that RBP2 was overexpressed in hepatocellular carcinoma cells, which was downregulated by *homo sapiens* microRNA-212 (hsa-miR-212). In addition to inhibiting the expression of RBP2, the overexpression of hsa-miR-212 in hepatocellular carcinoma cells reduced the cell proliferation ability and induced cellular senescence ([@b16-ol-0-0-3782]). Furthermore, Wang *et al* ([@b17-ol-0-0-3782]) observed that RBP2 was also overexpressed in non-small cell lung cancer, whereby regulated the expression of E- and N-cadherin via the activation of Akt signaling. Previous studies also reported the overexpression of RBP2 in human lung cancer, and revealed that RBP2 promoted proliferation, motility, migration, invasion and metastasis in lung cancer cells; whereas depletion of RBP2 inhibited proliferation, motility, migration, invasion and metastasis in these cells ([@b17-ol-0-0-3782]). Similarly, previous studies observed that RBP2 was critical for the progression and metastasis of breast cancer, since RBP2 acted as a pleiotropic positive regulator of several genes involved in metastasis ([@b18-ol-0-0-3782],[@b27-ol-0-0-3782]). In gastric cancer, RBP2 was also observed to be overexpressed, and directly regulated by miR-212 ([@b19-ol-0-0-3782]). Collectively, these findings indicate that RBP2 may participate in tumorigenesis, although its mechanism of action remains unclear ([@b28-ol-0-0-3782]).

Due to the increasing incidence in thyroid cancer in recent years ([@b29-ol-0-0-3782]), clinical markers for the diagnosis of this condition are urgently required. Previous studies have indicated that RBP2 was overexpressed in thyroid carcinoma, and therefore, RBP2 may be considered as a clinical marker for thyroid cancer ([@b20-ol-0-0-3782]). In the present study, the effects of RBP2-siRNA on the biological behavior of thyroid carcinoma cells, including cell proliferation, invasion and colony formation abilities, were investigated *in vitro*. The ICC results indicated that RBP2-siRNA significantly suppressed the expression of RBP2 in RBP2-siRNA-transfected cells. Similarly, the mRNA and protein levels of RBP2 were notably reduced in these cells. The transfection with RBP2-siRNA also reduced the proliferation, migration, invasion and tumorigenicity abilities of the transfected cells. In summary, downregulation of RBP2 via RBP2-siRNA reduced the expression levels of RBP2, and inhibited the proliferation, invasion and tumorigenicity abilities of thyroid carcinoma cells. These data indicate that RBP2 may be a therapeutic target for the inhibition of tumor progression and metastasis in thyroid cancer.

In conclusion, the results of the present study indicate that downregulation of RBP2 notably suppressed the biological behavior of thyroid carcinoma K1 cells. Knocking down RBP2 markedly affected the mRNA expression levels of RBP2 in RBP2-siRNA-transfected K1 cells, and inhibited the proliferation, migration, invasion and colony formation abilities of these cells. In summary, RBP2 appears to be essential for thyroid carcinoma cells to maintain their malignant behavior. Therefore, targeting RBP2 may be an efficient approach to control thyroid carcinoma.
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![(A) The fluorescence emission of thyroid carcinoma K1 cells transfected with control siRNA and RBP2-siRNA was recorded (magnification, ×200). (B) The protein expression levels of RBP2 were lower in the RBP2-siRNA-transfected cells than in the blank and negative control cells, according to the results of immunocytochemical analysis (magnification, ×400). (C) Transwell assay revealed the presence of invasive cells through the membrane in the control and RBP2-siRNA groups (magnification, ×200). (D) The cell migration ability was lower in the RBP2-siRNA-transfected cells, compared with the control cells, as evaluated by transwell assay (magnification, ×200). (E) Western blot analysis demonstrated that the protein expression levels of RBP2 were markedly reduced in the RBP2-siRNA group, compared with the blank and negative control groups. β-actin was used as reference. siRNA, small interfering RNA; RBP2, retinoblastoma binding protein 2; RBP2-siRNA, siRNA targeting RBP2; blank-group, non transfected cells.](ol-10-06-3393-g00){#f1-ol-0-0-3782}

![(A) Immunocytochemical and (B) RT-qPCR analyses revealed a marked difference in the (A) protein and (B) mRNA expression levels of RBP2 in thyroid carcinoma K1 cells transfected with RBP2-siRNA, compared with the control cells. (C) Western blot analysis demonstrated a significant difference in the protein levels of RBP2 across the 3 groups of cells. β-actin was used as reference. Transwell assay identified a lower number of (D) invasive and (E) migrated cells in the RBP2-siRNA-transfected cells, compared with the control group. (F) The transfection with RBP2-siRNA affected the tumorigenicity ability of K1 cells, since a lower number of newly formed colonies were observed in the RBP2-siRNA-transfected group, compared with the control group. RT-qPCR, reverse transcription-quantitative polymerase chain reaction; RBP2, retinoblastoma binding protein 2; siRNA, small interfering RNA; RBP2-siRNA, siRNA targeting RBP2; control siRNA, negative control siRNA targeting RBP2; blank group, non transfected cells. \*\*P\<0.01 vs. blank group, negative control; \*P\<0.05 vs. negative control.](ol-10-06-3393-g01){#f2-ol-0-0-3782}

![RT-PCR analysis was conducted to evaluate the mRNA expression levels of RBP2 in thyroid carcinoma K1 cells transfected with RBP2-siRNA or control siRNA. The results revealed that K1 cells transfected with RBP2-siRNA (lane 3) presented lower mRNA levels of RBP2 than the blank (lane 1) and control cells (lane 2). The quantification of mRNA levels of RBP2 were normalized to levels of β-actin, and normalized using the formula 2^−ΔΔCt^ with SYBR Green qPCR kit \[[Fig. 2B](#f2-ol-0-0-3782){ref-type="fig"}; (t=8.869; P=0.000)\]. RBP2, retinoblastoma binding protein 2; RT-qPCR, reverse transcription-quantitative polymerase chain reaction; siRNA, small interfering RNA; RBP2-siRNA, siRNA targeting RBP2.](ol-10-06-3393-g02){#f3-ol-0-0-3782}

![Effect of RBP2-siRNA on the tumorigenicity ability of thyroid carcinoma K1 cells, as evaluated by soft agar formation assay. (A) Control siRNA-transfected cells. (B) RBP2-siRNA-transfected cells. The ability of the K1 cells to form colonies was significantly inhibited following transfection with RBP2-siRNA (P\<0.01 vs. control cells). RBP2, retinoblastoma binding protein 2; siRNA, small interfering RNA; RBP2-siRNA, siRNA targeting RBP2.](ol-10-06-3393-g03){#f4-ol-0-0-3782}

###### 

Optical density values (mean ± standard deviation) of Cell Counting kit-8 assay.

  Cell groups     24 h          48 h          72 h
  --------------- ------------- ------------- -------------
  Control siRNA   0.507±0.048   0.714±0.083   0.978±0.078
  RBP2-siRNA      0.325±0.067   0.605±0.118   0.906±0.070
  t/p             7.650/0.000   2.606/0.016   2.377/0.027

Thyroid carcinoma K1 cells were transfected with RBP2-siRNA or control siRNA, and subjected to Cell Counting Kit-8 assay at 24, 48 and 72 h post-transfection, in order to assess their proliferation ability. RBP2, retinoblastoma binding protein 2; siRNA, small interfering RNA; RBP2-siRNA, siRNA targeting RBP2; t/p, ratio of t- vs. P-value.
